Structural evolution and stabilities of neutral and anionic clusters of lead sulfide: Joint anion photoelectron and computational studies J. Chem. Phys. 135, 134311 (2011) Numerous previously unknown carbon aluminum hydride cluster anions were generated in the gas phase, identified by time-of-flight mass spectrometry and characterized by anion photoelectron spectroscopy, revealing their electronic structure. Density functional theory calculations on the CAl 5-9 H − and CAl 5-7 H 2 − found that several of them possess unusually high carbon atom coordination numbers. These cluster compositions have potential as the basis for new energetic materials. Published by AIP Publishing. [http://dx
INTRODUCTION
Elements such as hydrogen, boron, aluminum, nitrogen, and carbon are among the most attractive building blocks of propellants because upon combustion they form stable oxides, e.g., H 2 O, B 2 O 3 , Al 2 O 3 , NO 2 , and CO 2 , with correspondingly high energy releases. Compounds derived from combinations of these elements should in principle be good fuels, although not all of them are. Hydrocarbons, of course, are very often good fuels. Solid AlH 3 , on the other hand, has a mixed record. Due to poor thermal stability and material purity issues, AlH 3 has not been widely used as a propellant, 1,2 even though on a small scale, it performs better than hydrocarbons and elemental aluminum. [1] [2] [3] [4] More complex aluminum hydrides, however, may offer better prospects. Gas phase studies discovered and characterized hundreds of previously unknown aluminum hydride cluster anions, Al y H z − , [5] [6] [7] [8] [9] [10] [11] and with them their corresponding neutral aluminum hydride cluster compositions. Recent studies of the reactions between these aluminum hydride cluster anions and oxygen found that their products were overwhelmingly aluminum oxides. 12 Intuitively, boranes 13, 14 should be good propellants due to their relatively light weight and high energy release upon oxidation, e.g., ∆H 0 298 = −482.9 kcal/mol for the reaction, B 2 H 6 (g) + 3O 2 (g) → B 2 O 3 (s) + 3H 2 O (g). 15 Unfortunately, this highly exothermic reaction cannot be achieved due to kinetic traps, which effectively block the reaction from proceeding to full oxidation. These traps were identified to be hydrogen, boron, and oxygen containing molecules, collectively known as HOBO compounds. [16] [17] [18] [19] [20] [21] In addition to compounds made from combinations of two of these elements, we have also explored three element combinations in the gas phase, e.g., boron-aluminum-hydride cluster anions, B x Al y H z − . 22 In the present work, we report studies of numerous carbon aluminum hydride cluster anions, C x Al y H z − , which we identified by mass spectrometry, characterized by a) Electronic addresses: kbowen@jhu.edu and kiran@mcneese.edu anion photoelectron spectroscopy, and in some cases further explored through density functional theory calculations. Gas phase studies of such clusters are limited to Bernstein's work on neutral and cationic C x Al y H z clusters, which he augmented with density functional theory calculations. 23 In the solution phase, on the other hand, there have been several reports of carbaalanes being synthesized.
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EXPERIMENTAL AND COMPUTATIONAL METHODS
Anion photoelectron spectroscopy is conducted by crossing a mass-selected, negative ion beam with a fixedenergy photon beam and analyzing the energies of the resultant photodetached electrons. This technique is governed by the well-known energy-conserving relationship, hν = EBE + EKE, where hν, EBE, and EKE are the photon energy, electron binding energy (photodetachment transition energy), and the electron kinetic energy, respectively. Our photoelectron instrument, which has been described elsewhere, 30 consists of an ion source, a linear time-of-flight mass spectrometer, a mass gate, a momentum decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser operated at various harmonics for photodetachment, and a magnetic bottle electron energy analyzer having a resolution of 35 meV at EKE = 1 eV. All photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu − . 31 In this work, carbon aluminum hydride cluster anions were generated by a pulsed arc cluster ionization source (PACIS), which has been described in detail elsewhere. 32 This PACIS source has proven to be a valuable tool for generating metal and metal hydride cluster anions. [33] [34] [35] [36] [37] [38] [39] [40] [41] Briefly, a ∼30 µs long, 150 V electrical pulse applied across the anode and sample cathode of the discharge chamber vaporizes aluminum and carbon atoms and forms plasma. The cathode had been prepared by mixing and pressing aluminum and carbon powder into a well on top of an ultra-pure aluminum rod. About 200 psi of ultra-high purity hydrogen gas was then injected into the arc region, where it was subsequently dissociated into hydrogen atoms. The plasma mix was then directed down in a 20 cm flow tube, where its components interacted and cooled, forming cluster anions. The resulting cluster anions were then mass-selected prior to photoelectron spectroscopic studies.
Electronic and geometrical structure calculations were performed in the cases of selected clusters, CAl 5-9 H −/0 and CAl 5-7 H 2 −/0 . Structural calculations were performed with an unbiased systematic search based on the genetic algorithm (GA). 42 In this method, initial structures were generated through a random population (parents) and subsequently allowed to cross-breed (children). Each successful "generation" becomes parents in the next set so on. This process continued until the lowest and highest energies of five structures remain constant in at least five generations. In our method, all levels of each structure were fully optimized without any constraints, using the BP functional and def2-SV(P) basis set, 43 all employing TURBOMOLE. 44 Lowest energy isomer was further optimized using density functional theory (DFT) at the B3LYP/6-311+g(d,p) level of theory. [45] [46] [47] [48] Vertical transitions from the ground state of the anions to higher states of the neutral clusters were calculated with the generalized Koopman's theorem. 49 All of the calculations were carried out using the Gaussian 09 program. 50 For the geometry optimization, the convergence criterion for energy was set to 10 −9 Hartree, while the gradient was converged to 10
Hartree/Å. Vibrational frequency calculations were carried out to verify the stability of these clusters; all of them were found to have positive frequencies. The vertical detachment energies (VDEs) and the adiabatic detachment energies (ADEs) were calculated for the lowest energy isomers and compared with the measured values to verify the reliability of the predicted structures. The VDE is the energy difference between the ground state anion and its neutral counterpart at the geometry of the anion. The ADE is calculated to be the energy difference between the lowest energy anion and its corresponding neutral with the neutral relaxed into its nearest local minimum. If both the anion and neutral are in their lowest energy states, the ADE of the anion equals the electron affinity (EA) of the neutral. Figure 1 presents a typical mass spectrum containing both aluminum hydride cluster anions and carbon aluminum cluster hydrides, these having been generated in the PACIS source. We observed C x Al y H z − clusters, where x = 0-3, y = 1-9, and z = 1-4. While changing the ratio between carbon and aluminum powders in the sample cathode gave us different sets of cluster stoichiometries, we present only the mass spectrum in Figure 1 as an example. Cluster groups with different x values are marked by identifying symbols in Figure 1 . Due to the mass coincidences, i.e., m(C 2 Al y H z+3 ) = m(Al y+1 H z ), care was taken when comparing the spectra of C 2 Al y H z+3 − and Al y+1 H z − in order to confirm the purity of their photoelectron spectra. Unlike the study on neutral carbon aluminum hydride clusters 23 which used conventional laser vaporization cluster source and hydrocarbons or H 2 in the expansion gas, our PACIS source generated much larger cluster anions, this possibly being due to its high current and power output. Figure 2 , we fix x and z, allowing y, the number of aluminum atoms, to vary. The EBE value of the intensity maximum in the lowest electron binding energy band in each spectrum corresponds to the vertical detachment energy (VDE) of that mass-selected cluster anion. The electron affinity (EA) value in each case was estimated by extrapolating the lower EBE side of the lowest EBE band to zero. That EBE value was taken to be the EA value of that cluster anion's neutral counterpart. Bands to the high EBE side of the lowest EBE band are due to transitions from the cluster anion's ground state to higher electronic states of its corresponding neutral cluster. Due to the fact that aluminum has an odd number of electrons, the total number of electrons in the clusters in each block has an odd-even variation. This gives rise to an odd-even variation in their EA values, owing to the fact that the electron binding energy of a closed-shell system should be higher than that of an open-shell system. All of the experimental EA and VDE values are tabulated in Table I .
EXPERIMENTAL RESULTS
THEORETICAL RESULTS AND DISCUSSION
The calculated global minimum structures of the cluster anions, CAl 5-9 H − and CAl 5-7 H 2 − , are shown in Figure 3 . We present the structures of these species because they possess unusually high carbon atom coordination numbers. Both CAl 5 H − and CAl 5 H 2 − have unique planar tetra-coordinated carbon (PTC) structures, where the carbon atom is surrounded by four aluminum atoms in a planar manner. While carbon is well known to be tetra-coordinated in a tetrahedron center, the PTC structure has also been observed in Na(Al 4 hexa-coordinated structure was observed in the CAl 6 − cluster anion. 54 For CAl 7 H − , the carbon atom stays inside the cage of seven aluminum atoms, and its coordination number increases to seven! Again, the hydrogen atom bridges one of the Al-Al edges. The structure of CAl 7 H − is also very similar to that of the CAl 7 − cluster anion. 54 In CAl 8 H − , the coordination number of carbon does not increase further. Instead, the carbon atom dwells in the center of an octahedron made from six aluminum atoms. The remaining two aluminum atoms occupy two face sites of the octahedron, and the hydrogen atom is radially bonded to one of these two aluminum atoms. This structure, however, is very different from that of CAl 8 − . 54 In CAl 9 H − , the carbon atom no longer stays in a cage. It is bound to the hydrogen atom and coordinated by three other aluminum atoms, giving it a coordination number of four. For CAl 6 H 2 − , the carbon atom has a coordination number of five. In CAl 7 H 2 − , it decreases to four, where the carbon atom is "squeezed" out of the aluminum cage, just as in CAl 9 H − . To summarize, in both CAl 5−9 H − and CAl 5-7 H 2 − series, we observe clear structural evolutions. The coordination number of the carbon atom first increases and then decreases in each series. As the cluster stiochiometries become more complex, the carbon atom initially tend to be surrounded by multiple aluminum atoms, before moving to the edge of an aluminum cluster as the number of aluminum atom increases. compared them with those extracted from experiments and tabulated them in Table II . Good consistency between experiment and theory was observed for all of these clusters.
Calculated VDE values and vertical transitions to higher electronic states of the neutral clusters were also tabulated in Table II and plotted as stick spectra over-laying the experimental photoelectron spectra in Figure 4 . Again, good agreement was observed. In the solution phase, there have been several reports of carbaalanes being synthesized, [24] [25] [26] [27] [28] [29] they all having cage structures and fulfilling the Wade-Mingos rules. [55] [56] [57] In those clusters, the vacant covalent sites of the carbon and aluminum atoms on the cage surface are either occupied by hydrogen atoms or other organic groups, which stabilize the whole cage. In the current study, on the other hand, the clusters are also prone to form cages, however, due to the fact that there are not enough hydrogen atoms (partially in order to avoid mass coincidences in the mass spectrum), the clusters tend to form small, packed cages other than polyhedral skeletons. Being small and packed helps to obtain as much covalent bonding as possible within themselves. Hence, we cannot apply the Wade-Mingos rules to the clusters in this study; they are essentially different from those reported carbaalanes.
CONCLUSION
Searching for cluster stoichiometires with potential for expanding available propellant compositions, we generated about numerous carbon aluminum hydride cluster anions in the gas phase, identified them with a time-of-flight mass spectrometry, and characterized them with anion photoelectron spectroscopy. DFT calculations were conducted to search for geometries and calculate electronic structure information for CAl 5-9 H − and CAl 5-7 H 2 − . Among these two series of clusters, the observed structural evolution showed that the coordination number of carbon first increases and then decreases as the number of aluminum atoms increases. Unusually high coordination numbers of carbon were found for CAl 6 , special planar tetra-coordinated carbon (PTC) structures were observed. Calculated electronic structure-related values for these cluster systems agree well with those obtained from our spectra. Like their cousins, i.e., aluminum hydride clusters [5] [6] [7] [8] [9] [10] [11] and boron-aluminum-hydride clusters, 22 these carbon aluminum hydride clusters may provide insight into new classes of energetic materials.
